Abstract-The prothrombinase complex (factor [F]Xa, FVa, calcium ions, and lipid membrane) converts prothrombin to thrombin (FIIa). To determine whether plasma lipoproteins could provide a physiologically relevant surface, we determined the rates of FIIa production by using purified human coagulation factors, and isolated fasting plasma lipoproteins from healthy donors. In the presence of 5 nmol/L FVa, 5 nmol/L FXa, and 1.4 mol/L prothrombin, physiological levels of very low density lipoprotein (VLDL) (0.45 to 0.9 mmol/L triglyceride, or 100 to 200 mol/L phospholipid) yielded rates of 2 to 8 nmol FIIa ⅐ L Ϫ1 ⅐ s Ϫ1 in a donor-dependent manner. Low density lipoprotein (LDL) and high density lipoprotein (HDL) also supported prothrombinase but at much lower rates (Յ1.0 nmol FIIa ⅐ L Ϫ1 ⅐ s Ϫ1 ). For comparison, VLDL at 2 mmol/L triglyceride yielded Ϸ50% the activity of 2ϫ10 8 thrombin-activated platelets per milliliter. Although the FIIa production rate was slower on VLDL than on synthetic phosphatidylcholine/phosphatidylserine vesicles (Ϸ50 nmol FIIa ⅐ L Ϫ1 ⅐ s Ϫ1 ), the prothrombin K m values were similar, 0.8 and 0.5 mol/L, respectively. Extracted VLDL lipids supported rates approaching those of phosphatidylcholine/phosphatidylserine vesicles, indicating the importance of the intact VLDL conformation. However, the presence of VLDL-associated, factor-specific inhibitors was ruled out by titration experiments, suggesting a key role for lipid organization. VLDL also supported FIIa generation in an assay system comprising 0.1 nmol/L FVIIa; 0.55 nmol/L tissue factor; physiological levels of FV, FVIII, FIX, and FX; and prothrombin (3 
T he coagulation cascade is a complex set of enzymatic reactions that results in the activation of prothrombin to thrombin. For the enzymatic reactions in this cascade to occur at physiologically relevant rates, the components must be localized to an appropriate surface. 1 This surface has been provided by PL vesicles in vitro 2 and is presumed to be supplied by platelets 3, 4 and, to a lesser degree, by mononuclear cells 5 in vivo. The PL component of these biological surfaces is important in complex assembly and function, although specific receptors have not been ruled out. 6, 7 Lipoproteins are also a source of plasma PLs and may provide another surface that will support coagulation reactions.
Plasma lipoproteins have been shown to be risk factors for CHD. 8 High levels of LDL-C are associated with CHD, whereas high levels of HDL-C are inversely associated to CHD. The relationship of VLDL-C, as estimated by fasting TG levels, to CHD is less clear, 9 -13 but some recent data suggest that these larger lipoproteins also may be associated with the atherothrombotic process, especially in postprandial states. 14 -18 There is evidence from population studies that plasma levels of vitamin K-dependent coagulation factors (prothrombin; FVII, FIX, and FX; and proteins C and S) are correlated with fasting cholesterol and TG levels, suggesting some form of coordinate regulation. 19, 20 If lipoproteins were shown to support coagulation reactions under physiologically relevant conditions, then this would support the hypothesis that they are thrombotic risk factors as well as atherogenic risk factors and would provide a possible mechanism, through direct binding, for the epidemiological association of lipoprotein levels with factor levels.
To explore this relationship, we characterized the support of surface-dependent coagulation reactions by lipoproteins in a purified human system. We determined the degree of support provided by VLDL, LDL, and HDL for the prothrombinase complex and determined the kinetic parameters of the prothrombinase reaction on VLDL and LDL. We also determined the ability of lipoproteins to support thrombin generation in a complete vitamin K-dependent protein procoagulant assay system.
Methods

Materials and Reagents
Trizma (Tris base), Tris HCl, PS (from bovine brain), PC (from egg yolk), EDTA, benzamidine, NaN 3 , HEPES, NaCl, and chloroform were purchased from Sigma Chemical Co. NaBr and diethyl ether were purchased from Krackler. BSA was purchased from GIBCO BRL. The ␣-thrombin inhibitor DAPA was purchased from Haematologic Technologies Inc. PL vesicles composed of 75% (wt/wt) PC and 25% (wt/wt) PS were prepared as described previously. 21, 22 The concentration of the PL vesicles was determined by a phosphorus assay. 23 The chromogenic thrombin substrate S-2238 was purchased from Pharmacia. Polyclonal anti-TFPI IgG was made in rabbits by Cocalico Biologicals Inc.
Proteins
Proteins were purified from human, fresh frozen plasma. FV was isolated by immunoaffinity chromatography as described and was activated to FVa with 2 NIH U/mL of ␣-thrombin for 15 minutes at 37°C. 24, 25 FIX, FX, and prothrombin were purified by the method of Bajaj et al. 26 FX was activated with the FX-activating factor purified from Russell's viper venom. 27 ␣-Thrombin was prepared by activation of prothrombin with Taipan snake venom, as described by Owen and Jackson. 28 Recombinant FVIII and recombinant TF (residues 1 to 242) were gifts from Drs Shu Len Liu and R. Lundblad, Hyland division, Baxter Healthcare Corp. Recombinant FVIIa was purchased from Novo Pharmaceuticals. In some cases FV, FXa, prothrombin, and ␣-thrombin were purchased from Haematologic Technologies Inc. Protein purity was routinely assessed by SDS-polyacrylamide gel electrophoresis before and after disulfide bond reduction according to the method of Laemmli. 29 Proteins were visualized by Coomassie brilliant blue R-250 staining. 
Isolation and Characterization of Lipoproteins
Blood for lipoprotein isolation, collected under institutionally approved protocols for the use of human subjects, was collected after an overnight fast into a preservative cocktail of EDTA, benzamidine, and NaN 3 , so that the final concentrations of each were 5 mmol/L, 1 mol/L, and 1.5 mmol/L, respectively. Donors were healthy, young adult, laboratory personnel. Lipoproteins were isolated from fresh human plasma by sequential flotation ultracentrifugation as described 30 using an SW-41 rotor from Beckman. In one experiment, lipoproteins were isolated by gradient centrifugation using Iodixinol (Accurate Chemical) according to the manufacturer's recommendations.
After isolation, lipoproteins were dialyzed into HBS, pH 7.4, and stored at 4°C. After sequential floatation, the HDL preparation was purified further by magnesium/phosphotungstic acid precipitation 31 to remove contaminating dense LDL and lipoprotein(a). The quality and purity of isolated lipoproteins were determined by agarose electrophoresis. Purity and quality were also assessed by 3% to 10% SDS-polyacrylamide gel electrophoresis after delipidation of the VLDL and LDL samples by ethanol/ether extraction as described in Fig 1 of Havel et al. 32 Quantification of the lipoprotein samples was done using enzymatic cholesterol and TG assays purchased from Sigma. PL concentrations were assessed with ammonium ferrothiocyanate and chloroform by the method of Stewart. 33 Protein concentrations were determined by using the BCA protein assay reagent from Pierce Chemical Co. Isolated lipoproteins were used within 5 days.
For experiments using extracted VLDL lipids reconstituted in aqueous buffer, we used a method similar to that of Bajaj et al. 34 One volume of VLDL in aqueous solution was extracted with five volumes of 2:1 chloroform/methanol, and the organic layer was removed and dried under a steady N 2 stream. The lipids were then dissolved in HBS and quantified by PL assay.
To determine the possible extent of microparticle contamination in our lipoprotein samples, we analyzed the plasma by flow cytometry. A 1:12 dilution of plasma was incubated with 0.33 g/mL of FITCconjugated HP1-1D, which recognizes glycoprotein IIb/IIIa as described elsewhere. 35 Samples were analyzed for forward-and rightangle scatter and for green fluorescence with a Coulter Elite fluorescence activated cell sorter using platelet and microparticle gates as described. 35 
Prothrombinase Activity on Lipoproteins
To perform the prothrombinase experiments, FVa and DAPA were incubated with a solution of lipoproteins or PCPS vesicles for 1 minute. The reactions were carried out in HBS (pH 7.4) with 5 mmol/L CaCl 2 and 0.1% BSA at room temperature. DAPA was required to inhibit thrombin from converting prothrombin to prethrombin 1, a species that is not a suitable substrate for prothrombinase. Following that incubation, prothrombin was added and incubated with the reaction mixture for 1 minute. The reaction was initiated by adding 25 L of FXa to 175 L of the lipoprotein/FVa/ DAPA/prothrombin mixture. In some experiments, lipoprotein and PCPS were titrated. The final concentrations of the reactants (other than PL) were 5 nmol/L FVa, 5 nmol/L FXa, 1.4 mol/L prothrombin, and 3 mol/L DAPA. In some cases, the concentrations of FVa, FXa, and prothrombin were varied. The concentrations of PCPS typically ranged from 1 to 100 mol/L phosphate, and the concentrations of lipoprotein, though dependent on the concentration of the isolated sample, typically ranged from 0 to 500 mol/L PL (Ϸ0 to 2.25 mmol/L TG) for VLDL, 1 to 1000 mol/L PL (Ϸ0 to Thrombin generation was calculated from a standard curve prepared by using various concentrations of purified ␣-thrombin. Experiments to determine kinetic parameters were done using prothrombin concentrations from 0.067 to 3.195 mol/L. Data were analyzed using curve-fitting software to determine K m and V max (Enzfitter, Elsevier-Biosoft). For experiments using rabbit IgG, the lipoprotein samples were incubated for 30 minutes at room temperature with 0.15 mg/mL rabbit anti-TFPI IgG, 0.15 mg/mL control rabbit IgG, or diluent. After the incubation was complete, the prothrombinase reaction was carried out as described above. 
Selected Abbreviations and Acronyms
-C ϭ cholesterol CHD ϭ coronary heart disease DAPA ϭ dansylarginine-N-(3-ethyl-1,5-pentanediyl)amide F ϭ (coagulation) factor HBS ϭ HEPES-buffered saline IgG ϭ immunoglobulin G PC ϭ L-␣-phosphatidylcholine PL ϭ phospholipid PS ϭ l-␣-phosphatidyl-L-serine TF(PI) ϭ
FVIIa/TF-Dependent Procoagulant
Platelet Isolation
Platelets were isolated by the method of Mustard et al 36 using venous blood from healthy, nonmedicated individuals as described above. Modifications to this procedure included omission of apyrase from all washing steps and the use of 5 mmol/L HEPES/Tyrode's solution, pH 7.4, as the final platelet suspension buffer. Platelets were counted on a Coulter counter (Coulter Electronics). Platelet activation was accomplished by incubation of platelets with 20 nmol/L thrombin (2 NIH U/mL) for 5 minutes at room temperature immediately prior to the prothrombinase assays. Platelet-dependent prothrombinase assays were performed as described. 37 
Results
Prothrombinase Activity on Lipoproteins and PCPS Vesicles
The relationships between the rate of thrombin generation and the amount of PL (as either lipoprotein or PCPS vesicles) are shown in Fig 2. We observed that although all three lipoprotein classes supported prothrombinase activity, VLDL consistently supported the highest rate. In all cases the maximum rates observed were lower than those obtained with PCPS vesicles. We observed a range in rate with different VLDL samples, 2 to 10 nmol FIIa ⅐ L Ϫ1 ⅐ s
Ϫ1
. The range we observed with different samples of LDL was between 0.4 and
. HDL supported prothrombinase activity at very slow rates, consistently
. Using flow cytometry, we determined that there were 4ϫ10 5 microparticles per milliliter of plasma as prepared for lipoprotein isolation. If one assumes that all microparticles were concentrated in the VLDL preparation (unlikely, since even mild centrifugation pellets the majority of microparticles 38 ), this would yield Ϸ4ϫ10 6 microparticles per milliliter of VLDL. Since Ϸ40% of the prothrombinase activity of activated platelets is in the microparticle fraction 39 and approximately one or two microparticles are formed for every two thrombin-activated platelets (our observations and Reference 40), then on the basis of our observed thrombin generation rates for platelets (eg, Fig 6) , the maximum contribution of microparticles to the rate of thrombin generation would be
, or Ͻ3% of the typical rates we observed with VLDL. We conclude that platelet microparticles cannot be a major contributor to prothrombinase rates under the conditions described here.
The titration curve for PCPS vesicles reached a maximum and then declined because the maximum represents the point at which all components (FVa, FXa, and prothrombin) are optimally bound to the surface; additional surface "dilutes" the components and reduces the rate. 41 In this experiment, VLDL (and HDL) had titration profiles similar to that of PCPS vesicles: a maximum followed by a decline. Although LDL did not reach a maximum in this experiment, we have performed this experiment five times with generally similar results and have seen LDL reach a maximum in other experiments.
Kinetic Parameters of Prothrombinase on VLDL, LDL, and PCPS Vesicles
We determined the K m values for prothrombin by using two different concentrations of VLDL, two different concentrations of LDL, and PCPS vesicles (the Table) . The concentrations of lipid were chosen to represent points on the ascending side of the curves shown in Fig 2. The K m values obtained with 
Variability in Prothrombinase Activity With VLDL From Different Donors
As mentioned previously, we have observed a range of rates for prothrombinase on VLDL between plasma from different donors. Fig 3 is an example of what we have typically seen, illustrating data for six different donors, with lipoprotein preparations and enzyme assays done simultaneously. The maximum rates from these donors varied from 1.8 to 6.0 nmol FIIa ⅐ L Ϫ1 ⅐ s Ϫ1 . Because of our concern about variability due to phlebotomy or sample preparation, we obtained two blood samples simultaneously from 1 donor, one from each arm, and treated these samples separately. We performed this experiment twice on 2 separate days. The thrombin generation rates observed with 0.55 mmol/L VLDL TG were as follows: day 1, 4.5 and 4.2 nmol FIIa ⅐ L Ϫ1 ⅐ s
Ϫ1
; and day 2, 4.3 and 4.3 nmol FIIa ⅐ L Ϫ1 ⅐ s
. These results indicate excellent reproducibility for the method.
Effect of TFPI in the Prothrombinase Assay System
TFPI is known to inhibit prothrombinase, but very slowly. We determined the rate of prothrombinase on lipoproteins in the presence and absence of an inhibitory polyclonal anti-TFPI IgG. VLDL-supported prothrombinase rates ( Ϫ1 ⅐ s Ϫ1 with 0.15 mg/mL of control rabbit IgG. Because this anti-TFPI is known to inhibit TFPI activity in systems using PL vesicles (R.P. Tracey et al, unpublished data, 1997), we think that these data are consistent with TFPI's having no effect in our assays.
Tests for Specific Inhibitory Activity of FVa or FXa by VLDL
To further characterize the support of prothrombinase by VLDL, we investigated prothrombinase activity on extracted VLDL lipid reconstituted in aqueous buffer. This procedure (1) removed any protein from the lipid particles and (2) allowed for major reorganization of the lipid components. Fig 4 shows that VLDL lipid supported prothrombinase activity to a greater degree than did isolated VLDL particles, with maximal rates of thrombin generation approaching those observed with PCPS vesicles.
To determine whether or not the variability in VLDLdependent thrombin generation was due to an inhibitory activity toward either FVa or FXa, we titrated PCPS vesicles, intact VLDL, and extracted VLDL lipid from a single donor in prothrombinase assays using three different combinations of FVa and FXa concentrations. The three combinations used were as follows: (1) 
Prothrombinase on Platelets Compared With Isolated VLDL
Activated platelets are known to be a major source of procoagulant surfaces in vivo. To test the physiological significance of VLDL-dependent prothrombinase rates, we determined the rate of thrombin generation on VLDL and activated platelets from the same donor. The blood utilized for VLDL isolation was drawn 1 day before platelet isolation so that all prothrombinase assays could be performed on the same day. Fig 6 shows that VLDL at 2 mmol/L (175 mg/dL) TG gave rates of thrombin generation that were at least one half of those seen with 2ϫ10 8 platelets per milliliter from these same donors. 
FVIIa/TF-Dependent Procoagulant Assays Using Lipoproteins and PCPS Vesicles
To determine whether isolated lipoproteins could support other surface-dependent coagulation reactions besides prothrombinase, we used a more complex procoagulant assay system. Physiological levels of FV, FVIII, FIX, FX, and prothrombin were combined with lipoproteins, TF, and FVIIa, and the rate of thrombin generation was measured over time (Fig 7) . In this experiment PCPS vesicles were used at 200 mol/L phosphate, whereas VLDL from three different donors and one sample of LDL were used at their fasting levels. As in the simpler prothrombinase assay system, VLDL was more effective a surface than LDL but less so than PCPS vesicles. Donor variability in VLDL-dependent rates was reflected in differences in the observed lag time, not in the actual rate of thrombin generation, which was Ϸ3 nmol FIIa ⅐ L Ϫ1 ⅐ s Ϫ1 in each case.
Discussion
In this article we present the first kinetic data, using exclusively human components, which demonstrate plasma lipoprotein support for prothrombinase complex activity and, in fact, all reactions of the tissue factor pathway. The maximal VLDLdependent rates were similar to those seen using physiological levels of activated platelets, suggesting that under certain conditions, lipoproteins, especially VLDL, might play a significant role supporting thrombin generation in vivo. Purified VLDL particles have the ability to support prothrombinase at a level near that of activated human platelets. These rates are achieved with physiological levels of VLDL, 0.3 to 1.7 mmol/L TG. The results from the procoagulant assay system also indicate that VLDL can support generation of thrombin in a reaction initiated with FVIIa/TF at a significant rate. This further supports the concept that lipoproteins may provide a suitable surface for coagulation reactions and do not require activation, as in the case of platelets.
Because lipoproteins accumulate in atherosclerotic plaque, [42] [43] [44] [45] [46] their presence may have significance for plaqueassociated thrombin generation, especially in relatively minor situations as proposed by Harker et al, 47 wherein small amounts of thrombin generation have implications for plaque progression. Regarding venous thrombosis and thromboembolic disease, conditions of blood stasis may be particularly relevant, where the components may have the opportunity to form complexes, at least transiently. It has also been suggested that postprandial VLDL increases may be associated with a hypercoagulable state.
14, 48 Our observations suggest that, if this is true, VLDL-mediated procoagulant complex assembly may be a significant contributor to this process.
Our observed K m values for prothrombin experiments using lipoproteins are similar to those determined with PCPS vesicles. They also agree with previous reports of prothrombinase kinetics on PL surfaces. 49 This is consistent with the notion that prothrombinase has the same mechanism of action on lipoproteins as on PCPS vesicles. The lower V max values suggest that substrate delivery and incorporation are not significantly affected on the lipoprotein surface when compared with PCPS vesicles but that there is an effect on the turnover rate of the enzyme.
We observed donor variability in VLDL-dependent thrombin generation. In the prothrombinase assay, different individuals exhibited consistently different lipid titration profiles, regarding both the level of lipoprotein required for the maximum rate and the maximum rate achieved. Reproducibility studies indicated that donor variability was most likely not a result of sample preparation artifacts.
We considered the concentration of negatively charged PLs on the surface of the VLDL particles from different donors as a source of variability. It is known that the concentration of negatively charged phosphate groups on a surface will influence the degree of protein binding and the reaction rate. 50 Because lipoprotein particles consist of Ϸ5% negatively charged PLs, 51 whereas PCPS vesicles as we prepared them are Ϸ25% negatively charged PLs, this is a possible explanation for the difference between the rates on PCPS vesicles and the rates on lipoproteins. However, because the VLDL-dependent rates could be dramatically increased to approximately the same values as the PCPS-dependent rates by extracting the lipids, this suggests that rate differences cannot be explained simply by the different percentages of negatively charged PLs and that lipoprotein conformation has a major influence on prothrombinase rates.
TFPI is known to be associated with lipoproteins. TFPI has been shown to inhibit FXa in the prothrombinase complex. 52 Mast and Broze 53 observed a 50% drop in activity in an FXa-initiated assay when 8 nmol/L TFPI (approximately threefold the physiological concentration) was added to a reaction with 3 nmol/L FVa, 0.1 nmol/L FXa, and 1.4 mol/L prothrombin. 53 On the basis of their results, we would anticipate a minimal effect in our assays, as we used an Ϸ50-fold higher enzyme concentration. Our immunological and titration-based data support this position. VLDL contains apo B-100 as one of its apolipoprotein components. The effect of apo B-100 on prothrombinase activity is not well understood. Although our data with FVa and FXa titrations suggest that apo B-100 is not specifically inhibitory towards either FVa or FXa, the possibility that apo B-100 is inhibitory to the prothrombinase complex as a whole has not been ruled out. One interpretation of the data regarding extracted lipids might be that apo B does have some inhibitory effect, since its removal results in increased activity. However, since there are likely to be enormous changes in lipid organization during extraction, one must be cautious about the implications of the experiment regarding apo B-100. Nonetheless, it remains possible that apo B could have effects on the surface, including the masking of PL binding sites, alterations in fluidity of the PL surface, or direct proteinprotein interactions with prothrombinase components. VLDL also contains exchangeable apolipoproteins of the C and E groups, which are absent on LDL. These apolipoproteins may play a role in the surface complexes involved in the procoagulant enzymatic activity by supporting protein-protein or protein-lipid interactions.
Another factor known to affect prothrombinase rates on surfaces is the composition of the fatty acid chains on the surface PLs. For example, vesicles composed of PLs containing predominately stearic acid (18:0) had rates that were Ϸ5% of those containing oleic acid (18:1). 54 Although we did not directly assess the fatty acid composition of our lipoprotein preparations, our data with extracted VLDL lipids again suggest that the fatty acid side-chain composition does not play an important role per se. However, we do note that although the extracted VLDL-dependent rates of thrombin generation approached those seen on PCPS vesicles, the level of PL needed to achieve these rates was higher. The reason for this is unclear at this time.
The presence of cholesterol in the lipoproteins might cause a loss of activity. However, vesicles composed of 60% PC, 20% PS, and 20% cholesterol have been shown to support prothrombinase to the same degree as vesicles composed of 80% PC and 20% PS. 49 The experiments with the procoagulant assay system indicate that VLDL and LDL can support FVIIa/ TF-initiated thrombin generation in an assay with physiological levels of FV, FVIII, FIX, FX, and prothrombin. VLDLmediated reactions supported rates of 3 nmol FIIa ⅐ L Ϫ1 ⅐ s
Ϫ1
after a lag of Ϸ1 minute, with little donor variability in the rate of thrombin generation after the initial lag. The initial lag time may represent the time that it takes for small amounts of thrombin to be formed and subsequently convert FV and FVIII to FVa and FVIIIa, respectively. TFPI is known to be a potent inhibitor of the TF/FVIIa complex, 55 and while we believe it is unlikely that TFPI inhibits FXa, we cannot rule out VLDL-associated inhibition of TF/FVIIa at this time.
Recently Ettelaie et al 56 have reported inhibition of TF activity by apo B-100. However, it is difficult to apply their findings to our procoagulant assay system, since they used apo B-100 reconstituted in soybean PC vesicles and not native lipoprotein particles. Furthermore, they measured the inhibition of rabbit brain TF, and it is unclear whether apo B-100 would have the same effect on human TF reconstituted into purified lipoproteins or PCPS vesicles.
In conclusion, we have observed physiologically relevant, donor-dependent rates of VLDL-mediated thrombin generation in assay systems using appropriately isolated human, fasting lipoproteins and purified human coagulation factors. Lipid organization appears to be a key regulatory factor. We found no evidence for VLDL-mediated factor-specific inhibition.
